Extracellular ATP and UTP caused a rapid formation of InsP3, with similar kinetics and dose-dependences. ITP also displayed strong agonistic properties in terms of InsP3 production, whereas CTP was almost inactive. Pretreatment of the cells with pertussis toxin attenuated ATP-and UTP-stimulated InsP3 generation to a comparable extent, indicating that both nucleotides couple to phospholipase C by a pertussis-toxin-sensitive G-protein. Short-term (15 min) treatment of the cells with phorbol 12-myristate 13-acetate (PMA) produced a dose-dependent inhibition of ATP-and UTP-induced InsP.
INTRODUCTION
Extracellular adenine nucleotides exert diverse regulatory functions on intact cells. ATP is secreted as an excitatory cotransmitter from perivascular nerves, stimulates secretion from mast cells and platelets, and has contractile or relaxant effects on many blood vessels [1, 2] . These effects of extracellular ATP appear to be mediated through specific P2-type purinergic receptors [1, 2] , which couple to phosphoinositide-degrading phospholipase C in hepatocytes [3, 4] , endothelial cells [5, 6] , Ehrlich ascites cells [7] , HL-60 cells [8, 9] , macrophages [10] , erythrocytes [11] and myocytes [12, 13] . Mesangial cells have recently been shown to respond to extracellular ATP in terms of phosphoinositide hydrolysis and prostaglandin synthesis [14] . Mesangial cells are contractile cells and contribute to the regulation of the glomerular filtration rate by modulating the filtration surface area in the glomeruli [15, 16] . In the rat kidney it has been shown that the renal vasoconstriction elicited by periarterial nerve stimulation is primarily due to release of a purinergic transmitter, probably ATP, at low physiological frequencies of stimulation [17] . Therefore, ATP co-secreted with noradrenaline may act on mesangial cells too, and contribute to the regulation of glomerular filtration. Besides adenine nucleotides, uracil nucleotides are involved in the regulation ofdiverse cell functions, and cause relaxation of guinea-pig trachea [18] and dilate intraand extra-cranial arteries [19, 20] . Furthermore, UTP contracts rat portal vein [21, 22] and increases systemic blood pressure [21] . UTP is stored in granules of platelets [23] and is also present in appreciable amounts in liver, brain and kidney [24] . In a similar way to ATP, UTP has been found to stimulate phosphoinositide hydrolysis in endothelial cells [5, 25] , pituitary cells [26, 27] and human epidermoid carcinoma A431 cells [28] . However, several differences that distinguish ATP and UTP actions have been reported, e.g. sensitivity to desensitization, potency order of nucleotides or sensitivity to pertussis toxin (for review see [29] ). Haussinger and his colleagues were the first to suggest that the action of UTP could involve a receptor distinct from the purinergic P2 receptor in rat liver [22, 30] . In an isolated perfused rat liver model, both nucleotides produced distinct patterns of glucose output and K+ uptake [22] . Furthermore, in HL-60 cells, UTP-induced NADPH oxidase activity was found to be more sensitive towards inhibition by pertussis toxin and activators of adenylate cyclase than was NADPH oxidase activity induced by ATP [31] . In addition, in HL-60 cells after differentiation toward a neutrophil-like cell-type, the extent of secretion induced by ATP remained unchanged, whereas that induced by UTP was markedly increased [32] . Recently, I demonstrated that different adenine nucleotides stimulate InsP3 formation and prostaglandin E2 synthesis in mesangial cells with a rank order of potency typically observed for P2y-purinoceptors [14] . The reported findings on UTP prompted me to compare ATP 
Cell culture
Cultivation of mesangial cells was performed as described previously [33] . The cells were grown in RPMI 1640 supplemented with 20 % (v/v) fetal-calf serum, penicillin (100 units/ml), streptomycin (100 lOg/ml) and bovine insulin at 0.66 unit/ml (Sigma). Mesangial cells were characterized morphologically by phase-contrast microscopy, with positive staining for the intermediate filaments desmin and vimentin, which is considered to be specific for myogenic cells [34] , and negative staining for Factor VIII-related antigen and cyto-keratin, excluding endothelial and epithelial contamination respectively. For the experiments, passages 9-29 of mesangial cells were used.
Determination of inositol phosphates
Confluent mesangial cells in 35 mm-diam. dishes were labelled for 72 h with myo-[2-3H]inositol (10 uCi/ml) in RPMI 1640 free of inositol, containing 20% dialysed fetal-calf serum. After the labelling period the medium was removed and the cells were rinsed several times to remove free [3H]inositol, and incubated for a further 1 h in fresh medium. After this procedure, mesangial cells were incubated in 1 ml of RPMI 1640 with or without the different nucleotides for the indicated time periods. The reaction was then terminated by rapid aspiration of the medium and addition of 1 ml of 15 % (w/v) trichloroacetic acid. To extract inositol phosphates, the dishes were left on ice for 1 h, and the trichloroacetic acid was then removed with diethyl ether. The final extract was neutralized and applied to anion-exchange columns containing 1 ml of Dowex I-X8 (100-200 mesh, formate form; Serva, Heidelberg, Germany). Free inositol and the inositol phosphates were eluted sequentially in accordance with Berridge [35] as described previously [36] .
Statistics
Statistical analysis was by Student's t test, and a P < 0.05 was used as the criterion for statistical significance. Desensitization of ATP-and UTP-induced InsP3 formation Agonist-induced desensitization of receptor-mediated phosphoinositide signalling is an important regulatory phenomenon [39] , and a homologous type of desensitization has been observed for angiotensin II-induced InsP3 generation in mesangial cells [40] . A prolonged (2 h) exposure of mesangial cells to 250 atm-ATP or -UTP markedly attenuated or even completely abolished InsP3 production in response to a second challenge with ATP or UTP ( Table 2 ). There was a complete cross-desensitization for both nucleotides, as shown in Table 2 . This was a specific effect on the ATP/UTP signalling system, since the response to angiotensin II was not affected (results not shown). The (n = 4). nucleotide, CTP, had no desensitizing effect on ATP-and UTPevoked InsP3 generation (Table 2 ). In contrast, ATP[S] potently inhibited ATP and UTP stimulation, whereas pp[CH,]pA had only a moderate effect. Since the latter agonist has been reported selectively to desensitize P2x-receptors [2] , its weak activity indicates a P2y-rather than a P2x-receptor involvement, a conclusion that has also been drawn from the rank order of potency of a series of ATP analogues in mesangial cells [14] . The observed cross-desensitization between ATP and UTP does not necessarily exclude the possibility that the nucleotides act via different purino-and pyrimidino-ceptors, although all agonists investigated so far cause an exclusively homologous type of desensitization in mesangial cells [15, 16, 40] .
No additivity of ATP-and UTP-induced InsP3 formation
Further evidence for a common nucleotide receptor was provided by the lack of additivity of maximal doses of ATP and UTP on InsP3 production (Fig. 3) . Agonists that share identical signalling pathways should display additive effects when combined at sub-maximal concentrations, but not at maximal doses. Combined addition of maximal doses (1 mM) of ATP and UTP showed no additive effects on InsP3 generation, as shown in Fig.  3 . To exclude the possibility that the number of coupling Gproteins or the amount of phosphoinositide-specific phospho- [Nucleotide] (M) 10-3 above basal values respectively (means + S.E.M., n = 4). Combined additions of ATP and angiotensin 11 (17. (Table 3) . However, 2-methylthio-ATP was much less effective than either ATP or UTP at higher concentrations (Table 3) . A similar low apparent efficacy of 2-methylthio-ATP has been reported for prostacyclin synthesis in endothelial cells [25] . 
